We report a significantly shortened scattering lifetime in molecular iodine when the frequency of a single-mode 5145-A incident l a s e r is tuned away from resonance with a discrete transition. This observation of a shortened scattering time i s indicative of what has been conventionally called a Raman process. Off-resonance lifetime measurements, a s reported here, may provide a means of determining the relative contribution to the absorption linewidth of homogeneous and inhomogeneous broadening.
We have made direct measurements of the scattering lifetime in molecular iodine a s a function of the incident excitation frequency. The incident l a s e r frequency was tuned from resonance to over 2.5 GHz off resonance, with a transition to a discrete state below the B (311,+3 dissociation limit. When the frequency was on resonance, we observed a lifetime of about 1 psec. When the frequency was moved off resonance, the scattering time because very short, and hence "Ramanlike. "I Although related experiments have been reported in Mossbauer s p e c t r o~c o p y ,~ this is the f i r s t time direct off-resonance scattering-time measurements have been made, and they show unambiguously that Raman scattering occurs und e r such circumstances, thereby settling a question on which there recently has been considerable s p e~u l a t i o n .~'~ The differences between the re-emission below the dissociation limit, which is strongly excitation-frequency dependent, and the well-understood scattering above the dissociation limit5 now may be interpreted properly. In addition, from off -resonance lifetime measurements a quantitative determination of the relative strengths of the homogeneous and inhomogeneous broadening should be possible.
In fluorescence, when the incident frequency coincides with a transition between a groundand an excited-state energy level, the lifetime f o r the re-emission process i s governed by the natural lifetime of the excited state. When the incident frequency is well off resonance witin the transition, the re-emission is governed by the usual properties of Raman scattering. A s the incident frequency is moved only slightly away from resonance, the lifetime ( h t ) for the r eemission i s expected to be limited by the frequency difference ( h o ) between the excited state and the incident frequency, and should be given approximately by a n uncertainty relationship, At = l /~o . That is, if energy is not conserved, in the transition to the excited state, by an amount Aw, then the time the molecule can spend in the state i s limited to l/ho. Since the natural fluorescence lifetimes for the I, discrete states6 a r e in the range of sec, shifts in the incident l a s e r frequency of a few gigahertz should result in dramatic changes in the scattering time.
We have made such lifetime measurements on an apparatus built and described by Bachrach7 in which the time decay i s measured by a delayed-coincidence technique. The l a s e r beam was modulated acousto-optically giving 100-nsec rectangular pulses with a 3-nsec r i s e time. Lifetimes ranging from about a 10-nsec lower limit could readily be measured. The single-mode l a s e r was tuned through the Doppler profile of the 5145-A line, and components of the emission triplet from the ~( 1 3 ) and R(15) transitionsa were observed with a spectrometer of resolution l e s s than 2 cm-l. All data were obtained in the frequency region of the vibrational fundamental ( a frequency shift from the incident l a s e r of about 212 cm-I).
In Fig. 1 we present the lifetime measurements made on the Q branches resulting from the ~( 1 3 ) and R(15) excitation transitions of I, a t a p r e ss u r e of -0.03 Torr. Similar results were obtained from the S branch of the R(15) transition. The center of the resonance was taken to be the place where the overall fluorescence in the 200-to 220-cm-I region resulting from the ~( 1 5 ) and ~ ( 1 3 ) transitions reached a maximum intensity.
The l/e lifetime of the on-resonance (0 GHz in Fig. 1 ) decay of -300 nsec is significantly shorte r than that recently reported by Capelle and B r~i d a .~ This results from the diffusion of iodine molecules out of the region focused on the spectrometer entrance slit, thereby selectively discriminating against the long-lived events. \.,. ' *,-... With l a r g e r slits, we recorded lifetimes of -1 Fsec, consistent with the data of Capelle and Broida. ' Off resonance, short-lifetime components appear. At 1.2 GHz, a component that follows the l a s e r pulse in addition to the long-lived component may be seen. From 1.6 GHz off resonance to a s far a s measurements were made (2.6 GHz), the decay response did not change and was dominated by the short-lived component a s exemplified by the 2.2-GHz decay curve in Fig. 1 .
On the basis of the uncertainty principle and of the perturbation calculation discussed below, the transition from resonance fluorescence to resonance Raman scattering is expected to be continuous. As the l a s e r frequency is tuned away from resonance with a discrete transition, both the re-emission intensity and lifetime must continuously decrease. Exact-resonance Raman scattering, for which Aw = 0, and resonance fluorescence a r e the s a m e long-lived process. This process is a specific case of the m o r e general process normally called Raman scattering.
In light of the above considerations the 1.2-GHz decay curve in Fig. 1 We take the l a s e r field E L to be turned on at t = 0 and turned off a t t = T , and to be given by
E -e -' "~t ( l -e -~T ) e -r ( ' -T ) , t a T , L -
The finite r i s e and fall times, with time constant y, a r e assumed in order to turn the excitation on and off adiabatically. We select y such that wL >> y >> I?. The calculation may be considerably simplified by noting that
where ( m 1 +,(t)) is derived f r o m second-order perturbation theory and ( n 1 +,(t)) results from the first-order perturbation equation
(nl + l ( t ) > a L+exp[-i(w,-i r / 2 ) ( t -~) I E~( T )
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in which 7 can be thought of as the time a t which the transition from state Ig) to state In) occurs.
We have performed such a calculationlo and found that on resonance (AW = w , -o, = 0) the re-emission intensity i s proportional to rm2(1 -e -r t / z ) z f o r 0 G f T , and to I'-Z(I -e'rT'2)2
x e -r ( t -T ) for t aT, i.e., on resonance the ,time response is slow with time constant r . Off r e sonance (AW >>-y) the result is ( h a ) -' ( 1 -e-Yt )' for O S t G T and (~w ) -~( l -e~Y~)~e -~y (~-~) for t a T , i.e., the response appears to be instantaneous in that i t follows the l a s e r pulse. By varying y it may be seen that the time decay varies continuously from r to an "instantaneous" value.
Recently, similar conclusions were reached independently by Silverstein. '' When the incident frequency is moved away from resonance, the scattering time becomes shorter, and the re-emission is more Ramanlike. In addition the re-emission becomes much weaker. However, the spectrum remains unchanged, because only very specific initial-tointermediate-state transitions a r e picked out by the resonance denominator. Eventually, when the incident frequency i s changed sufficiently, it is in resonance with other transitions and therefore different fluorescence spectra a r e observed, masking the now weakened original spectrum. In contrast, above the dissociation limit no initial vibrational-rotational state is picked out by the resonant denominator since any initial state is in resonance with a transition to some continuum state. The observed spectrum in this case is the weighted s u m of lines resulting f r o m all the vibrational-rotational levels of the ground electronic state, the weighting factor being the product of the Franck-Condon factors and population factor^.^ Consequently, the observed spectrum does not have the extreme l a s e r f r equency dependence seen below the dissociation limit.
To understand clearly near-resonance light scattering i t is necessary to measure directly the scattering lifetime, a s reported here. The reliance of previous investigator^^'^ on quenching data to study the transition from resonance fluorescence to resonance Raman scattering has resulted in some confusion. The ambiguity inherent in the quenching data results from the different optical absorption and scattering lifetime characteristics produced by inelastic and elastic collisional broadening. As pointed out by St. P e t e r s and S i l v e r~t e i n , '~ the use of quenching data to measure the scattering time is valid only in the case in which elastic collisional broadening i s unimportant. This i s not the c a s e for these transitions in molecular iodine, however, s o direct scattering time measurements a r e required.
We have observed that for excitation farther off resonance than 1.6 GHz, the intensity of the long-lived component ceased to decrease relative to the intensity of the short-lived component. In order to investigate this weak long-lived r e mnant we have made a determination of the effect increased p r e s s u r e (0.25 T o r r of I,) has on the lifetime response. At the higher p r e s s u r e a strongly enhanced long-lived contribution was seen. We interpret the p r e s s u r e dependence of the long-lived radiation a s an indication that it results from elastic collision processes. At low p r e s s u r e (0.03 T o r r ) the absorption line shape far from resonance is primarily determined by the natural-lifetime Lorentzian tail. However, in the high-pressure region both homogeneous broadening (from inelastic collisions) and inhomogeneous broadening (from elastic collisions) occur.13 Off resonance a fast r esponse is produced by the contributions to the Lorentzian tail resulting from the homogeneous broadening, but the contribution from the inhomogeneous broadening results in a long-lived component. The re-emissions resulting from both broadening processes a r e Lorentzian and hence the ratio of the intensities remains constant as a function of frequency shift off resonance beyond 1.6 GHz.
In regions where the contribution to the homogeneous broadening resulting from inelastic collisions is much greater than the natural-lifetime contribution, the relative contributions of inelastic and elastic collisions t o the total broadening can b e determined by measuring the relative intensities of the long-and short-lived components. To make a quantitative determination of this ratio, though, great c a r e is required in the handling of effects due to saturation. In a future publication, these effects will b e discussed in greater detail.
We thank R. W. Dixon and P. D. Dapkus for help with and use of their time decay apparatus. We a r e indebted to S. L. McCall for helpful discussions. ' strictly speaking, when the incident l a s e r i s not exactly on resonance, the re-emission process should be referred to a s near-resonant Raman scattering o r n e a r I3We adopt here the standard definitions of homogeneous and inhomogeneous broadening. F o r homogeneous broadening the lifetime of the molecular state is limited by the broadening mechanism. Radiative broact ening is of course homogeneous, and inelastic collisions, in which the quantum state of the molecule is changed, also serve to broaden the line homogeneously On the other hand an inhomogeneously broadened line is one in which the center frequency of the oscillators is distributed over a line profile, and the lifetime is the same throughout. Doppler broadening i s inhomogeneous and elastic collisions, in which the phase of the oscillator i s interrupted but the quantum state is unchanged, also result in inhomogeneous broadening. The dielectric function for the two-dimensional guiding-center plasma is discussed. An e r r o r is noted in a calculation based on the Vlasov equation by Lee and Liu and an improved derivation i s given using the Kubo formalism. Although this new dielectric function embodies the correct screening effect, it does not (contrary to e a r l i e r suggestions) essentially change the Taylor-McNamara result for the diffusion coefficient.
Dielectric Function and
The two-dimensional guiding-center (2D gc) plasma1 (in which charged filaments a r e aligned with a magnetic field 5 and move with the velocity E X~/ B~) is important for the study of plasma and the dielectric function would be obtained by integrating along the noninteracting unperturbed particle orbits. However, these orbits a r e of zero length since in the absence of interaction each particle remains a t re$.
Furthermore, for a uniform plasma a~, / a X = 0, FOt= F , -, and the perturbation can produce no charge imbalance. Hence, for the gc plasma the Vlasov-like approximation yields only Xv= 0 and E"= 1.
In an attempt to obtain an improved value for E, Lee and Liu4 considered a plasma with a finite gyroradius a and invoked the now ~e l l -k n o w n~-~'
